ABSTRACT The migratory locust, Locusta migratoria Linné , shows not only prolonged copulation but also prolonged precopulatory associations between males and females. To understand the evolutionary signiÞcance of these behaviors, sperm competition success, measured by the P 2 , (i.e., the proportion of offspring sired by the second male to mate), was analyzed using the genetic marker albino. The precopulatory behavior has been proposed to guard a female or ensure timely mating. We report here that precopulatory mounting has a function other than guarding or just waiting in this locust: prolonged precopulatory mounting increases the length of copulation, which in turn increases the P 2 . Lengths of precopulatory mounting and copulation, as well as nearly absent postcopulatory mounting, were little inßuenced by the presence of a rival male. The observed large variation in P 2 indicates that previously proposed mechanisms for sperm competition are not mutually exclusive, but all could occur in this species.
ALTHOUGH POSTCOPULATORY ASSOCIATIONS between males and females have been studied intensively in insects, relatively few studies have been conducted on the evolutionary signiÞcance of prolonged precopulatory associations (Parker 1970 , Alcock 1994 . General consensus is that the male Þnds a potential future mate and remains with her until she becomes receptive or until the optimal moment for sperm transfer in terms of egg fertilization occurs (Alcock 1994) . Because of its economic importance, the migratory locust, Locusta migratoria Linné , has received much attention (Uvarov 1966 (Uvarov , 1977 and the male of this species is often cited as an example showing precopulatory mounting (Parker et al. 1972, Parker and Smith 1975) . However, the signiÞcance of precopulatory mounting in this locust is not fully understood. The time spent in mounting, as well as copulation, is costly to the male since he could transmit much more sperm per time to other females if these behaviors were brief (Price 1997) . Furthermore, prolonged mounting and copulation may be stressful for males who cannot eat during that period, and risky because locusts in copula cannot escape quickly by ßight when attacked. Nevertheless, locusts show frequent and prolonged mounting as well as prolonged copulation. We investigated this problem in relation to sperm competition using the genetic marker albino, because multiple copulation is known in locusts (Uvarov 1966) . The albinism in our strain is controlled by a single recessive Mendelian unit (Hasegawa and Tanaka 1994) and is caused by a deÞciency of the dark-color inducing peptide, [His 7 ]-corazonin (Tanaka 1993 , 2001 , TawÞk et al. 1999 . Thus, albino females produce pigmented (normal colored) offspring when inseminated by a normal male, whereas they produce albino offspring when mated to an albino male (Hasegawa and Tanaka 1994) .
Materials and Methods
Experimental Animals. The normal and albino strains of L. migratoria we used were the same as those studied previously (Tanaka 1993, Hasegawa and Tanaka 1994) and eggs, nymphs and adults were handled as described . All experiments were conducted using small screened cages (15 by 28 by 28 cm) in a rearing room (30 Ϯ 1ЊC and a photoperiod of 12:12 [L:D] h).
Sperm Competition Experiments. Sexually mature virgin adults (about 25 d old) were kept individually and allowed to mate according to the experimental schedule. Rearing density affects various traits in locusts (Pener 1991) . In this study, all locusts were grown under crowded conditions. Each female was allowed to mate only once with a male, and only those females that produced fertilized eggs in the Þrst oviposition were used for further experiments. Mated females deposited egg pods into sterilized moist sand held in plastic cups (volume, 200 ml). Because both albino and normal nymphs look similar in color during the Þrst two instars, all hatchlings obtained from each egg pod were reared to the third instar when the proportion of pigmented nymphs (P 2 ) was determined by body color. Each egg pod contained 45Ð 80 eggs. Only those females that produced egg pods with a hatching rate higher than 80% were used for analysis. In preliminary tests, the albino female was mated with a normal or albino male Þrst, allowed to lay one egg pod, and then mated with a normal or albino. No signiÞcant difference was observed in P 2 between the normalÐalbino (mean Ϯ SD ϭ 52.9 Ϯ 34.3%; n ϭ 11) and albino-normal (59.3 Ϯ 38.3%; n ϭ 18) sequence (Mann-Whitney U test; P ϭ 0.668), indicating that sperm from the two strains can fertilize eggs equally well.
Behavioral Observations. Lengths of precopulatory mounting, copulation, and postcopulatory mounting were measured by checking locusts every hour over three consecutive days. Actively mating adults (Ϸ25 d old) that had been reared in large cages (22 by 44 by 44 cm) were used for the observations. Each female was put into a small cage with cut grass in a water jar and one or two males were introduced into each cage. During the scotophase, a small ßashlight was used for observations but did not appear to inßuence locust behavior. A few individuals died during the observations and were replaced by others. To make the observations easier, no oviposition cup holding sand was put in the cages, but a few females deposited eggs on the ßoor.
Results
Determination of P 2 . In Fig. 1 we show the frequency of P 2 values for 48 albino females that were Þrst mated with an albino male, allowed to deposit one egg pod, and then mated with a normal male to determine the P 2 . The P 2 varied greatly among females (mean Ϯ SD ϭ 52.5 Ϯ 35.4%; n ϭ 48). Four females produced only pigmented offspring (P 2 ϭ 100%), whereas six females produced albino offspring only (P 2 ϭ 0%). In the latter, the second males paired apparently failed to transfer their sperm, as often occurs even in single mating pairs (Reinhardt and Meister 2000) . After these cases were excluded, the mean P 2 (ϮSD) became 61.2 Ϯ 32.2% (n ϭ 42).
Females showing a low P 2 (6.1Ð 67.4%) in the above observations were mated with another normal male and allowed to lay an additional three egg pods. The mean proportion of pigmented offspring was further enhanced after the third copulation (Fig. 2.) , indicating that the last maleÕs sperm also contributed to the fertilization of these eggs.
Other females were allowed to deposit up to six egg pods after the second mating to determine how P 2 varied over time. P 2 remained almost constant over the six successive egg pods (Kruskal-Wallis test; n ϭ 12; P Ͼ 0.05). This stable P 2 over time suggests that the sperm were mixed completely at copulation.
Length of Copulation and P 2 . Out of 42 pairs in the above experiment, 16 completed a second copulation during the photophase and the length of copulation was determined for each pair by checking them every hour. Length of copulation was found to show a signiÞcant correlation with P 2 (P Ͻ 0.01; Fig. 3) : the longer the copulation the higher the P 2 . By extrapolation about 8 h of copulation are required to attain 100% P 2 under the present conditions.
Lengths of Precopulatory Mounting, Copulation, and Postcopulatory Mounting. To measure the lengths of precopulatory mounting, copulation and postcopulatory mounting, 25 pairs of females and males placed in separate cages, were observed every hour over . Each virgin albino female was Þrst mated with an albino virgin male, allowed to deposit a Þrst egg pod and mated with a normal virgin male. Each P 2 is based on three egg pods collected from each female after the second copulation. Fig. 2 . Changes in proportion of pigmented offspring produced by L. migratoria albino females (n ϭ 6) which were Þrst mated with an albino male (open triangle) and then with two normal males (closed triangles). Mean and SD are given. The proportion of pigmented offspring was signiÞcantly increased after the last mating (Mann-Whitney U test, n ϭ 18, P Ͻ 0.001).
three consecutive days. To determine the inßuence of the presence of a rival male, another set of experiments was concurrently carried out in which each of 25 females was kept with two paint-marked males, and their behavior observed as above. In those observations, only males showing genital contact with the female for at least 2 h were regarded as copulating. As shown in Table 1 , no signiÞcant difference was observed in any of the traits measured between the two sets of experiment, although the total frequency of copulation was much higher in 1 femaleÐ2 males (44 times) versus 1 femaleÐ1 male (27 times). The results also indicate that the length and incidence of postcopulatory mounting were not inßuenced by the presence of a rival male. The mean lengths (ϮSD) of pooled data for precopulatory mounting, copulation and postcopulatory mounting were 9.5 Ϯ 11.9, 4.8 Ϯ 2.2, and 0.8 Ϯ 1.4 h, respectively (n ϭ 71). In Fig. 4 the lengths of precopulatory mounting are plotted against those of copulation in locusts kept as pairs. The two variables showed a signiÞcant positive correlation, indicating that the longer the precopulatory mounting the longer the copulation.
Discussion
The large variation in P 2 observed in the current study contradicted the previous conclusion by others that the last male fertilizes almost all eggs at the next ovipisition in L. migratoria. This discrepancy may be related to the fact that the latter conclusion was based on indirect morphological observations (Gregory 1965) or direct experiments using incompletely sterilized males by irradiation (Parker and Smith 1975) . The current study using the genetic marker shows that the P 2 can vary from 0 to 100% in this locust.
The mechanism of sperm competition in this locust has been a subject of controversy (Mika 1959 , Gregory 1965 , Parker and Smith 1975 , Pardo et al. 1994 , Reinhardt and Meister 2000 . Although we made no effort to trace the movement of sperm, our results appear to suggest that the previously proposed mechanisms including sperm displacement, mixing, and sperm ejection are not mutually exclusive, but all operate at different stages. In the Þrst step, previously stored sperm are displaced out into the female genital chamber during the Þrst hour of copulation and expelled later (Gregory 1965, Parker and Smith 1975) . In this case, complete displacement probably does not take place in any individual, because 100% P 2 was not obtained when copulation was brief (Fig. 3) . In a second step, sperm from the second male are transferred gradually from the spermatophore to the distal portion of the spermatheca during the rest of the copulation period and mixed completely with the previous sperm that have not been displaced. Therefore, the longer Fig. 3 . Relationship between length of second copulation and P 2 in L. migratoria albino females (Spearman rank correlation; r s ϭ 0.68, n ϭ 16, P Ͻ 0.01). Data are derived from females that completed copulation during the photophase in the experiment of Fig. 1 . the copulation the larger the number of sperm transferred, resulting in higher P 2 , as inferred from Fig. 3 . Longer copulations also deliver more sperm in another acridid (Johnson and Niedzlek-Feaver 1998) . In L. migratoria, complete sperm precedence by the second male, as observed in the current study, may be achieved only when the female has received huge numbers of sperm from the second male. A large variation in ejaculate size is known for this locust (range, 0.024 Ð 4.750 million, Reinhardt and Meister 2000) . After each copulation, females eject sperm and lose signiÞcant numbers of stored sperm (Gregory 1965, Reinhardt and Meister 2000) , and this reduction in stored sperm would facilitate Ôsperm displacementÕ by the next male to mate.
The present results support the previous observations that the mounting behavior of this locust is mainly precopulatory (Parker and Smith 1975) , and further demonstrates that prolonged precopulatory mounting brings about prolonged copulation. Since the latter is positively correlated with the proportion of offspring sired by the last male to mate with the female (Fig. 3) , prolonged precopulatory mounting would be highly adaptive. Therefore, in this locust precopulatory mounting has a function other than the previously proposed functions, such as guarding a female or just waiting for the female to become receptive, although we do not know at present how the length of mounting is determined or how prolonged mounting results in prolonged copulation.
The short and infrequent postcopulatory mounting was not inßuenced by the presence of a rival male. The fact that postcopulatory guarding by males has not evolved in this locust may be related to their special copulation manner in which the male spermatophore proximal tube is left in the female spermatheca, remains for several days, and creates some difÞculty for subsequent copulation by another male (Parker and Smith 1975, Reinhardt and Meister 2000) . Another reason may be related to the relatively low average P 2 (52.5%) compared with other insects (88 Ð100%) which display postcopulatory guarding (Alcock 1994) , suggesting that the beneÞt from postcopulatory guarding is small in this locust.
